ABSTRACT G protein-coupled receptors (GPCRs) are essential components of cellular signaling pathways. They are the targets of many current pharmaceuticals and are postulated to dimerize or oligomerize in cellular membranes in conjunction with their functional mechanisms. We demonstrate using fluorescence resonance energy transfer how association of rhodopsin occurs by long-range lipid-protein interactions due to geometrical forces, yielding greater receptor crowding. Constitutive association of rhodopsin is promoted by a reduction in membrane thickness (hydrophobic mismatch), but also by an increase in protein/lipid molar ratio, showing the importance of interactions extending well beyond a single annulus of boundary lipids. The fluorescence data correlate with the pK a for the MI-to-MII transition of rhodopsin, where deprotonation of the retinylidene Schiff base occurs in conjunction with helical movements leading to activation of the photoreceptor. A more dispersed membrane environment optimizes formation of the MII conformation that results in visual function. A flexible surface model explains both the dispersal and activation of rhodopsin in terms of bilayer curvature deformation (strain) and hydrophobic solvation energy. The bilayer stress is related to the lateral pressure profile in terms of the spontaneous curvature and associated bending rigidity. Transduction of the strain energy (frustration) of the bilayer drives protein oligomerization and conformational changes in a coupled manner. Our findings illuminate the physical principles of membrane protein association due to chemically nonspecific interactions in fluid lipid bilayers. Moreover, they yield a conceptual framework for understanding how the tightly regulated lipid compositions of cellular membranes influence their protein-mediated functions.
INTRODUCTION
As the receptors for biogenic amines, chemokines, odorants, and light, G protein-coupled receptors (GPCRs) have attracted intense interest (1, 2) . GPCRs such as rhodopsin (3, 4) comprise . 10 3 members in the human genome (1) . Apart from their biological roles as sensors of hormonal, neuronal, and chemotactic signals, they are the targets of about 50% of the pharmaceuticals used worldwide (5) . One topic that has stimulated considerable attention is the oligomeric state of GPCRs in connection with biological signaling (1, (5) (6) (7) (8) . Association of GPCRs in cellular membranes has far-reaching implications for understanding signal transduction (1), drug discovery (1, 5) , neuroscience (6) , and immunology (9) . A related aspect is that receptor association in cellular membranes may involve lipid rafts, originally conceived as functional microdomains. In the fluid-mosaic model the lipid bilayer acts as an inert 2D solvent, whereas the raft hypothesis states that interactions of signaling proteins occur within lipid regions on the cell surface (10, 11) . Attempts have been made to correlate seven-helical receptor association with function, yet significant controversy remains concerning the functional relevance of receptor oligomerization and the role of membrane lipids in this process. For rhodopsin (3, 4, (12) (13) (14) , in particular, the issue of oligomerization has emerged as a topic of intense discussion (2, 7) .
In this article, we describe studies of the canonical GPCR rhodopsin that entail a well-defined membrane system whose compositional variables are precisely controlled. Rhodopsin, the dim light photoreceptor, is the only family A GPCR for which a 3D crystal structure is currently available (13, 15) . In the dark state, the retinylidene cofactor is in a highly distorted configuration that is implicated with its ultrafast photochemistry (16) . Absorption of a photon initiates 11-cis to trans isomerization of the chromophore, followed by a series of thermal relaxations (17) (18) (19) culminating in an equilibrium between two forms, MI and MII, leading to phototransduction. In the activated MII conformation, the retinylidene Schiff base is deprotonated, thus disrupting the salt bridge to the carboxylate of Glu 113 , the counterion (3, 4, 12) . The resulting conformational change may reposition the b-ionone ring (20, 21) , which together with helical movements (4, 21) exposes previously hidden recognition sites for the cognate G protein (3, 4) . Activation of G t (transducin) is followed by further amplification through a phosphodiesterase effector (3) yielding visual perception. An important question is the role of the membrane lipid composition in the activation of rhodopsin and downstream visual signaling (22) . Now, in studies of GPCR oligomerization in cellular membranes (6, 9) , as well as proteins in lipid rafts, fluorescence resonance energy transfer (FRET) has emerged in a pivotal role (10, 23) . FRET studies of fluorescent proteintagged GPCRs in native cellular membranes have provided evidence for significant receptor association in living cells (6) . Yet for glycosylphosphatidylinositol (GPI)-linked proteins, FRET microscopy indicates a random (ideal) distribution, a finding that is seemingly incompatible with protein clustering in lipid rafts (23) . What is lacking, however, are investigations of well-defined membrane systems where lipid-protein interactions can be distinguished from proteinprotein interactions, e.g., as seen in the crystal structure of rhodopsin (13, 15) . Our research has monitored constitutive association of rhodopsin through FRET investigations of the visual receptor labeled with site-specific fluorophores. We discovered systematic changes in association of rhodopsin in the dark state due to the membrane lipid composition, similar to the results from earlier work (24, 25) . Moreover, nonrandom mixing of rhodopsin was inversely correlated with its photoactivation, suggesting a link to visual signal transduction. Both association and photoactivation of rhodopsin were strongly influenced by the protein packing density within the membrane, as well as hydrophobic matching, showing the effect of crowding of the receptors. Influences of rhodopsinlipid interactions on protein association and activity are described by the spontaneous (intrinsic) curvature of the fluid membrane (26) in terms of a simple flexible surface model (FSM) (27) . Several preliminary accounts of this work have appeared (28) (29) (30) .
MATERIALS AND METHODS

Preparation of recombinant membranes
Native rod membranes were isolated from frozen bovine retinas as described in previous work (31) . Purification of rhodopsin was carried out using a 1D4 anti-rhodopsin antibody. Rhodopsin was eluted 4 3 with 1 mL of buffer (25 mM MES, 25 mM K HEPES, 125 mM KCl, 1 mM EDTA, pH 6.7) containing 1.5% (w/v) b-octylglucoside (OG) and 0.36 mg/mL of the C-terminal rhodopsin nonapeptide per mL of gel, giving A 280 /A 500 ¼ 1.6-1.7. Rhodopsin plus the appropriate phospholipids (Avanti Polar Lipids, Alabaster, AL) were solubilized with 1.5% OG plus 1.5% (w/v) sodium cholate (32) and recombined by dialysis against buffer. All membrane samples gave a single predominant band with isopycnic sucrose density gradient centrifugation whose position depended on the protein/lipid molar ratio (not shown).
Fluorescence measurements
Rhodopsin in rod disk membranes was labeled at position Cys 316 with the donor Alexa Fluor 488 C 5 maleimide or the acceptor Alexa Fluor 594 C 5 maleimide (Invitrogen, Carlsbad, CA). Purified proteins were mixed in equal stoichiometry and incorporated into recombinant membranes. Measurements were performed at 20°C using a SPEX-Fluorolog t3 spectrofluorometer (Horiba Jobin Yvon; Edison, NJ) fitted with excitation and emission single-grating monochromators. The fluorescence signal F em exc depends on the excitation and emission wavelengths of the donor only (D), the acceptor only (A), or both together (DA). Emission of the Rho-Alexa 594 acceptor was used to calculate the energy transfer efficiency E (33) according to:
Here, F :
The equilibrium constants for the individual steps are K 1 ¼ 10 ðpHÿpKa1Þ , K 2 ¼ 10 ðpHÿpKa2Þ , and K 3 ¼ 10 ðpHÿpKa3Þ . For the pH 6-8 range, inverted bell-shaped pH titration curves were obtained; assuming that pK a1 pH, the term containing pK a1 vanished. The remaining free parameters were pK a2 and pK a3 ; the latter was varied or frozen at 7.8.
RESULTS
Lipid-driven association and dispersal of rhodopsin in membranes FRET has been previously used to study rhodopsin interactions (32) (33) (34) , as well as interactions of rhodopsin with transducin (35) . For the FRET experiments, we labeled rhodopsin (Rho) at Cys 316 either with the donor Alexa 488 (Fig.  1 a) or acceptor Alexa 594 (Fig. 1 b) maleimides (cf. Supplementary Material). All experiments were carried out in the dark state of rhodopsin at 20°C. Due to overlap of the absorption spectrum of rhodopsin in the dark state with the emission spectrum of Alexa 488, quenching of the donor fluorescence emission by the retinal chromophore can occur as an additional decay channel (32, 33) . For this reason, the FRET experiments were conducted at a very low light intensity to minimize bleaching of rhodopsin. Fluorescence excitation and emission spectra of rhodopsin conjugates in octylglucoside (OG) micelles were intense and well differentiated, with appreciable spectral overlap (Fig. 1 c) . Control experiments (Fig. 1 d) substantiated the absence of significant FRET for rhodopsin in nonionic detergent micelles, where it is monomeric (2, 33) . Cross-talk of the Alexa 488 donor emission with the acceptor Alexa 594 is very small or negligible and vice versa.
Most intriguing, we discovered systematic changes in FRET as the membrane lipid composition was varied. Rhodopsin was reconstituted in membrane lipid bilayers using a highthroughput approach (cf. Supplementary Material). First, we obtained fluorescence excitation and emission spectra for equimolar Rho-Alexa 488 and Rho-Alexa 594 pairs recombined with 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) with stoichiometric protein/lipid molar ratios, viz., different protein packing densities. Fig. 1 e shows that a decrease in the protein/lipid ratio from 1:50 to 1:400 gave a progressive loss of donor excitation intensity at 485 nm and a gain in emission at 515 nm, together with a reduction of acceptor emission at 620 nm. Greater dispersal of rhodopsin within the bilayer gave a dramatic loss of FRET, as expected due to an increased donor-acceptor distance. Yet, strikingly, we discovered the same trend in FRET when the bilayer thickness was increased at constant surface density of the protein. We also recombined equimolar Rho-Alexa 488 and Rho-Alexa 594 pairs with phosphatidylcholines (PCs) having unsaturated acyl lengths ranging from 14 to 24 carbons, with a nominal protein/lipid molar ratio of 1:100 ( Fig. 1 f) . It is known from 2 H NMR studies that the bilayer thickness increases with the phospholipid acyl chain length (36) . All membranes were in the liquid-crystalline state, with the possible exception of di(24:1)PC (T m ¼ 24°C). A systematic reduction in the donor excitation intensity at 485 nm and greater emission at 515 nm occurred, accompanied by a loss of acceptor emission at 620 nm, similar to dilution of the labeled rhodopsin molecules within the membrane.
Influences of crowding of rhodopsin and hydrophobic mismatch
Next, we calculated the energy transfer efficiency (E) between the donor and acceptor rhodopsin fluorophores from the excitation and emission spectra. Values of E ranged from approximately zero, indicating essentially complete protein dispersal within the ca. 60-Å Förster radius of the Alexa fluorophores, to nearly 0.3, an appreciable value. A graph of E as a function of the protein/lipid molar ratio (Fig. 2 a) showed a dramatic increase as rhodopsin became more densely packed or crowded within the membrane. The increase in FRET was greater than the background calculated for a random distribution of donor and acceptors with appropriate values for the Förster radius R 0 and orientation factor k 2 (37), and indicated nonideal mixing of the rhodopsin molecules. Moreover, for rhodopsin in the homologous di(n:1)PC series, a similar diminution of E was found with increasing acyl length (n) (Fig. 2 b) . A bilayer thickness corresponding to n 20-22 acyl carbons or greater was optimal for maintaining receptor dispersal within the membrane, e.g., due to solvating the hydrophobic protein surface. As the average donor and acceptor surface densities are essentially the same, the changes in E are explained by nonideal (nonrandom) mixing of receptors over distances of ca. 60 Å during the nanosecond fluorescence lifetime. The increase in E for rhodopsin in di(24:1)PC membranes may reflect that experiments were conducted below the gel-to-liquid-crystal transition temperature of T m ¼ 24°C, since control experiments at 28°C gave a reduction (not shown). In the gel state, the bilayer thickness is greater and the interfacial area/lipid is less than in the fluid or liquid-crystalline (L a ) state. Our interpretation is consistent with previous studies of rhodopsin-lipid interactions employing freeze-fracture electron microscopy (38) and saturation-transfer spin-label electron paramagnetic resonance (EPR) spectroscopy (24) , which provide evidence for rhodopsin association as a function of protein/lipid ratio, acyl chain length, and lipid phase state. We note that an optimal chain length for protein dispersal, as measured by the rotational correlation time of rhodopsin, has been observed in previous EPR spin-label studies of recombinants with saturated PCs (see below) (24, 25) .
Our experimental design allowed us to deduce that E included significant effects from nonideal mixing of the rhodopsin molecules, due to clustering and/or microdomain formation. The fact that increasing the protein concentration and decreasing the lipid acyl length yield similar effects on FRET, with transfer efficiencies E that exceed the random background (37), argues that both are affected by the same mechanism. For ideal mixing, a simple biexponential dependence of E on the 2D surface density of acceptors is expected (37) (not shown). Expanding the predicted dependence in a Taylor series to linear order gives E } P/L, which agrees with the results in Fig. 2 a. However, including the data of Fig. 2 b, where the protein/lipid ratio is constant, makes it clear that a highly nonmonotonic dependence is in fact the case. As we could not explain the dependence of FRET on the fluorophore surface density by assuming ideal mixing, the distances between proteins were not calculated (37). We also note that our thermodynamic analysis does not include any specific molecular details of the protein packing in the bilayer. However, extension of the Förster theory to include nonideal mixing by formation of microdomains or clusters of receptor molecules allows some further general conclusions to be drawn. Briefly, we apply a simple two-state model that separates the acceptor surface density into contributions from receptors that are either dispersed or associated. The energy transfer efficiency of the dispersed fraction depends on the acceptor surface density as described previously (37) . On the other hand, E of the condensed protein complexes is assumed to be approximately constant. The resulting transfer efficiency curves include both contributions, with a break at the critical surface concentration, viz., protein/lipid ratio. The onset of clustering occurs at the critical surface density, above which there is an increase in E beyond the value for ideal mixing. Qualitatively, this simple model is successful in explaining (i), the large increase in E with increasing protein/ lipid ratio ( Fig. 2 a) ; and (ii), the corresponding increase in E with decreasing bilayer thickness (Fig. 2 b) . At present, we do not attempt to estimate cluster sizes or distance distributions, which requires more extensive experimental data.
Studies of the effects of bilayer thickness on membrane proteins include investigations of rhodopsin (24, 25, 27, 38, 39) , bacteriorhodopsin (40, 41) , Ca 21 ATPase (42), and mechanosensitive channels (43) , reviewed in Lee (42) and Jensen and Mouritsen (44) . An influence of bilayer thickness is consistent with models for hydrophobic matching in terms of membrane protein solvation (24, 25, 27, 39) . However, solvating the nonpolar residues of rhodopsin by the lipid chains involves the molecular surface area, and it is relatively shortrange. Likewise, the hydrophobic effect involves cagelike structures about nonpolar groups, mainly by first-shell waters (45) . An alternative view is that the lipid coherence (persistence) length can render the protein energetics sensitive to elastic deformation of the membrane film (27, 31, 44, 46) . One way to differentiate the two hypotheses entails changing the protein/lipid molar ratio. Fig. 2 c is an heuristic illustration of how elastic membrane deformation is coupled to the protein inclusion. Membranes at equilibrium in the absence of osmotic pressure have no lateral tension (stress). The monolayer spontaneous curvature H 0 represents a balance of forces involving the polar headgroups and the acyl chains (the lateral pressure profile). The value of H 0 can be directly measured for membrane lipids in the presence of hydrophobic solutes that reduce the chain packing energy holding the two monolayers together (27) . It can be negative (curvature toward water, as in reverse H II phase lipids), zero (as for planar PC bilayers), or positive (curvature toward hydrocarbon, as in the normal H I phase), cf. Fig. 11 of Brown (27) . Hydrophobic matching of the nonpolar protein surface to the bilayer imposes significant curvature H at the proteolipid boundary (27, 31, 47) . Curvature and hydrophobic matching are not independent quantities, as shown by the curves in Fig. 2 c. Rather, a greater difference in hydrophobic length of the protein versus the bilayer gives a large curvature (strain). We propose that the competition of the curvature strain and hydrophobic matching favors an increased protein separation (Fig. 2 d) , which yields condensation of a separate protein-rich phase involving clusters or microdomains, as further discussed below. Hence, the critical membrane property is the curvature mismatch jH ÿ H 0 j; the contact angle at the protein-lipid boundary is approximately the same, and solvation or wetting of the protein surface (hydrophobic matching) remains unaltered. Deformation of the bilayer provides a source of work that drives changes in protein or lipid clustering, or conformational changes linked to membrane protein functions.
Photoactivation of rhodopsin is governed by nonspecific membrane properties
An important aspect pertains to an area that has attracted much recent interest, that is, the role of membrane lipids in modulating signal transduction and other biological functions. Our aim was to observe how the FRET efficiency of donor-acceptor pairs of the fluorescent rhodopsin conjugates was correlated with effects of the membrane lipid composition on receptor function. UV-visible absorption changes were measured based on a pH-step method that involved high actinic light intensity (89 6 7% bleaching) (cf. Supplementary Material). The initial pH of the sample was set to 6, which stabilized the active MII photoproduct of rhodopsin, and minimized isorhodopsin formed by secondary photolysis (48, 49) . After exposure to the actinic light, a rapid pH step to more alkaline values gave a shift of the equilibrium from active MII to the inactive MI state (Fig. 3 a) . A combination of the ionophores CCCP and valinomycin was introduced for fast pH equilibration across the membrane. Calculation of the fraction (u) of photoproducts with a deprotonated Schiff base (50,51) entailed difference spectrophotometry (Fig. 3 b) . We first measured a full pH titration curve for rhodopsin/POPC (1:100) membranes from pH 4ÿ10, which revealed three separate transitions (Fig. 3 c) .
The usual MI-to-MII equilibrium was observed near neutral pH (48) , together with protonation of MII at acidic pH values (52) and deprotonation of MI at alkaline pH (18) . The entire titration curve was fit numerically to Eq. 2 with three independent pK a values (pK a1 , pK a2 , and pK a3 ), according to the following chemical equilibrium:
Here, PSB indicates an N-retinylidene chromophore with a protonated Schiff base linkage (l max 480 nm), whereas SB denotes the corresponding deprotonated Schiff base (l max 380 nm). Three protons are taken up sequentially with different pK a values. Alternatively, the data were fit from pH 5.5-8.5 by disregarding pK a1 and considering only pK a2 and pK a3 (Fig. 3 c) . For rhodopsin in the dark state, 11-cis-retinal is an inverse agonist and the pK a of the retinylidene protonated Schiff base is .16. Upon photolysis, the pK a for deprotonation of MI is reduced to 7.8 and for MII it is ca. 4 (52) . In terms of these pK a shifts, the chromophore evolves progressively to become a full agonist in the MII state, where the Schiff base nitrogen is deprotonated. We propose that this may represent the behavior of GPCRs in general, where typically a ligand does not activate the receptor immediately, but rather a partial activation occurs followed by rearrangement to the fully activated receptor.
We then extended the approach to recombinant membranes differing in their rhodopsin/lipid ratio or acyl chain length (Fig. 3, d and e) . In all cases, it was assumed that the reaction described by the equilibrium in Eq. 3 was applicable. Due to the range of systems investigated, the data are more sparse than for the rhodopsin/POPC (1:100) membranes (Fig. 3 c) . The scatter most likely derives from random errors in the UV-visible spectral measurements (cf. Supplementary Material). However, by constraining the experimental data to fit Eq. 2, the analysis becomes more robust than otherwise. We studied influences of both the rhodopsin/ lipid molar ratio (Fig. 3 d) and the bilayer thickness (Fig. 3 e) on the UV-visible spectral behavior over the pH 6-8 range. Our data extend experiments at single pH values, where different protiated forms of MI and MII were not distinguished (50, 51) . In all cases, the standard Levenberg-Marquardt gradient expansion algorithm was used for nonlinear regression fitting of the data, where the errors in the fitting parameters are proportional to the inverse curvature matrix of the x 2 hypersurface. To further increase the robustness of the fitting, we reduced the number of free parameters (degrees of freedom) in the analysis. Only pK a2 was varied, whereas pK a3 ¼ 7.8 was frozen, since it was approximately unaffected by the lipid composition. Fig. 3, d and e, shows that either a reduction in close packing of rhodopsin, due to a smaller protein/lipid molar ratio, or an increase in the bilayer thickness gave an increase in pK a2 that correlated with greater membrane dispersal in the FRET experiments. The FSM provides a mechanistic interpretation of the influences of membrane lipids on the energetics of photolyzed rhodopsin and its dispersal in the bilayer, as further described below.
Molecular mechanism of photoreceptor activation
First, we consider a molecular picture to account for the sequence of photolyzed rhodopsin states in Eq. 3, which are affected by properties of the membrane lipid bilayer. It is known that formation of the active MII state of rhodopsin involves two distinct protonation steps (3). The first involves the retinylidene Schiff base of helix H7 in close proximity to the counterion Glu 113 located in helix H3, and involves breaking an ionic lock in conjunction with receptor activation. (Alternatively, a complex counterion involving the carboxylates of Glu 113 and Glu 181 can be considered (12, 53) .) The second protonation site has been proposed to be Glu 134 , which is found in the conserved E(D)RY motif of family A GPCRs, and is contiguous to Arg 135 in helix H3 (14, 54) . Breaking the salt bridges between the retinylidene Schiff base in helix H7 and residues in the H3/H6 domain leads to receptor activation. It follows that we consider the four species MII PSB , MII SB , MI PSB , and MI SB , which are conjugate acids or bases that differ from one another by the release or acceptance of a proton. Activation of the photoreceptor ''unlocks'' two salt bridges, one involving the H3/ H6 helical domain and the other between helices H3 and H7. Fig. 1 e) and (e) rhodopsin in di(n:1)PC membranes (P/L ¼ 1:100) for different bilayer thickness (n) (colors as in Fig.  1 f) . To increase robustness of the fits, only pK a2 is varied holding pK a3 ¼ 7.8.
Below 4b and 4c) . Last, at alkaline pH values, the retinylidene Schiff base is again deprotonated in the MI SB state (Eq. 4d). For the overall reaction, the stoichiometry of protons is n ¼ 3, as described by Eq. 3.
The reaction scheme that Eqs. 3 and 4 describe is a simple extension of the classical MI PSB -to-MII SB transition (48, 55) to include different pK a values for deprotonation of the retinylidene Schiff base in the MII and MI states. Breaking or ''unlocking'' the two internal salt bridges involving both helices H3 and H7 allows the conformation change from MI PSB to MII SB to be mechanically coupled to membrane deformation forces (31) . An interesting finding is that certain lipids can shift the value of pK a2 for the transition from MI PSB to MII SB to ca. 7 or greater, as seen for rhodopsin in nonionic detergents with flexible chains (56) . Another important feature is the presence of two spectrally silent photoproducts, MI SB and MII SB , which differ from previously described isochromic MII SB forms (56) . However, the thermodynamic model is not a detailed kinetic reaction mechanism in terms of elementary steps (17, 56, 57) . Further studies of rhodopsin in membrane environments where the MI-to-MII equilibrium is perturbed can shed additional light on the reaction mechanism in the native system (17,56).
Flexible surface model for lipid-protein interactions
At this juncture, we recall that in its biological context, rhodopsin is a component of a supramolecular assembly, that is, comprising protein, phospholipids, and water. Above, we put forth a molecular explanation for the MI-to-MII transition at the level of the rhodopsin molecules. What are the corresponding properties of the membrane lipid bilayer that are implicated in activation of the photoreceptor? In fact, two approaches are possible in the mesoscopic regime between the molecular size and the bulk membrane dimensions. Either one can consider a molecular picture, or a continuum model can be introduced at various levels of detail. Let us next consider a continuum treatment of the bilayer in terms of its material properties (27) , as an alternative to all-atom molecular dynamics simulations (14) or analytical molecular theories (58, 59) . Lack of reference to molecular detail is both a weakness and strength of the continuum elastic approach. Previous experimental work has shown the occurrence of clustering of rhodopsin and other membrane proteins (38, 40, 50, 51) , as well as changes in rhodopsin function due to the lipid composition (27, 31, 39 ). Yet the physical origin and the types of intermolecular interactions remain an open question, particularly with regard to the length scale and the role of elastic stress and strain (frustration). Here, a combined approach employing both FRET and UV-visible spectrophotometry is adopted, since rhodopsin can be studied under nearly identical conditions over a wide range of pH, lipid composition, and protein/lipid molar ratio. Our results suggest that protein-lipid interactions extending beyond a single annulus of boundary lipids can play a crucial role in both rhodopsin clustering and function. Fig. 4 a shows that a continuous reduction in pK a2 was observed with increasing protein/lipid molar ratio, whereas pK a3 is approximately constant. An analogous increase in pK a2 was observed for unsaturated PCs as a function of acyl length up to ca. 20 or 22 carbons, beyond which pK a2 decreased with a slight reduction in pK a3 over the whole range (Fig. 4 b) .
(Results for 24-carbon chains may include contributions from gel-state lipids and are presented for completeness.) We note that the MI SB state with a deprotonated Schiff base is typically observed only as a transient intermediate in timeresolved UV-visible spectrophotometry (60) . According to Fig. 4 b, a relatively large difference in pK a2 and pK a3 , as in the case of 14-carbon chains, provides a means to study the MI SB conformation near physiological temperature. Moreover, we discovered a relationship between the values of pK a2 for the MI-to-MII conformational change and the FRET efficiency for rhodopsin in the dark state (Fig. 4 c) . These findings clearly establish that lipid-driven changes in protein packing density and excluded volume can govern the activity of a membrane protein.
Our studies provide a first meaningful experimental look at how rhodopsin function is influenced by its association state in fluid membranes. We propose that increasing protein concentration and decreasing bilayer thickness both affect rhodopsin by the same mechanism, which is due to a competition of curvature strain with hydrophobic matching. Frustration of the lipid bilayer curvature free energy due to interactions with rhodopsin has been discussed within the framework of a flexible surface model (27, 31, 55) . We now extend these ideas based on the continuum theory of membrane elasticity (26) to account for changes in the lateral distribution of receptors associated with bilayer deformation forces. The FSM (31) offers a simple explanation in terms of elastic membrane deformation, and is connected with more extensive theoretical treatments (44, 46, 47, 59, (61) (62) (63) , as reviewed in Jensen and Mouritsen (44) . It builds on concepts from surface chemistry and physics (nanotechnology), in which emergent properties bear a direct correspondence to experimental observables. Due to the complexity of lipid packing in biomembranes (14), we use a simple continuum description in terms of phenomenological material constants. We introduce the spontaneous curvature H 0 and the monolayer bending rigidity k c (related to the lateral compressibility k a for pure planar strain) to relate our experimental measurements to theoretical concepts. Mismatch of the curvature H at the proteolipid boundary (Fig. 2 d) to the spontaneous monolayer curvature H 0 of the lipids frustrates the bending free energy, which scales as k c jH ÿ H 0 j 2 . The spontaneous monolayer curvature H 0 describes the balance of attractive and repulsive forces as a function of bilayer depth, and is related to the lateral pressure profile (64) . It is formulated in terms of a neutral or dividing surface, where the curvature and area elastic deformation are decoupled or independent (27) . For the present purposes, we focus on curvature deformation and assume that the neutral surface area is approximately constant (55) . The Gaussian (saddle) curvature (27) is also neglected, to simplify the treatment.
The role of curvature in condensed matter with applications to membranes is reviewed elsewhere (65) . Fig. 4 d illustrates how association of a fraction of the protein allows for greater expression of the spontaneous curvature in fluid membranes. At left, rhodopsin is depicted in a relatively thick bilayer (H 0 0); curvature H is small and dispersed receptors (top) are stabilized versus dimers or higher oligomers (bottom). At right, a relatively thin bilayer is shown with greater curvature (top), which drives protein association (bottom) to reduce elastic curvature deformation of the intervening lipid bilayer. Additional influences of membrane lipids may affect rhodopsin activation (22, 31) . According to the FSM, an optimal protein/lipid ratio for dispersal exists due to a balance of curvature and hydrophobic matching of the lipids to the protein (31), in analogy with wetting and capillary forces in surface and colloid chemistry (66) . Analogous conclusions have been reached based on molecular theories (59). We suggest that the optimal protein/lipid ratio for dispersal is related to the critical protein surface density (see above), beyond which association of the receptor molecules occurs. Lipid-driven association of membrane proteins may thus be implicated in clustering or oligomerization of cellular membrane receptors.
DISCUSSION
Lipid-rhodopsin interactions have been discussed previously within the framework of a flexible surface model (27) . Curvature elastic deformation due to long-range geometrical forces, as originally put forth to explain lipid-protein interactions (31, 55, 67) , has now attracted the attention of structural and cellular biologists (43, (68) (69) (70) (71) (72) . Investigations of membrane-bound enzymes (73, 74) , microorganism growth (75) , and peptide ion channels (76) have all shown influences of chemically nonspecific bilayer properties on function. We now enlarge these principles to include changes in the lateral distribution and activation of receptors due to bilayer deformation forces. Chemically nonspecific properties of bilayer lipids affect the conformational energetics of rhodopsin, and explain their influences on its activation and related aspects of visual signal transduction. We discovered effects of the protein/lipid molar ratio on the lateral distribution of receptors that can help to clarify the role of membrane curvature forces and hydrophobic solvation in the case of rhodopsin. For hydrophobic matching (42, 44, 58, 77, 78) , the lipid influences on the protein are relatively shortrange, and mainly involve the lipid/protein interface as in previous EPR spin-label studies (25, 79 ). Yet changing the rhodopsin/lipid ratio affects both protein dispersal and its activation, so that interactions extending well beyond the annular or boundary lipids govern the membrane energetics. A possible explanation is that both the membrane bilayer and the protein inclusions have an inherent flexibility, thus allowing a mutual coupling of their free energies (27) . Crowding of the receptors due to an increase in protein packing density yields a reduction in the activated MII state of rhodopsin, the signaling form. Why would greater association of rhodopsin in the membrane favor the occurrence of inactive photoproducts? It is known that the MI-to-MII transition involves an increase in partial molar volume, consistent with the helix-movement model of GPCR activation (4,80) and a restructuring of the membrane lipids (31), which could be inhibited by rhodopsin association. Assuming that active MII is a more expanded conformation than inactive MI, there could be an influence of excluded membrane volume due to steric repulsions among the proteins (crowding). This is similar to the observation that formation of the activated MII state is inhibited or blocked in densely packed 2D rhodopsin arrays (18, 81, 82) or 3D crystals (13) . However, it differs from the recent proposal that activation of rhodopsin is enhanced by its association in micelles or membranes (83) .
Rhodopsin association has been previously studied in recombinant membranes by employing freeze-fracture electron microscopy (38) and spin-label EPR spectroscopy (24, 25) . From these experimental studies, it can be concluded that association of rhodopsin occurs in recombinant membranes with PCs having different acyl chain lengths (24, 25) . Work with 2 H NMR spectroscopy has established that the bilayer thickness increases with the acyl chain length, as opposed to the cross-sectional area per lipid (36) . Evidence for transient rhodopsin association in both recombinant and native membranes that depends on the lipid composition and protein content has been obtained using saturation-transfer spin-label EPR (24, 25) . Protein clustering or association is inferred from an increase in rotational correlation time, instead of an experimental quantity that is sensitive to the protein-protein distances. Using EPR, an optimal bilayer thickness has been found for dispersal of rhodopsin in the case of saturated PC recombinants, which corresponds to an acyl chain length of ca. 15-16 carbons. However, for saturated PCs, comparison needs to be done at different temperatures due to the high melting points of the saturated acyl chains. By contrast, the present FRET experiments employ recombinants of rhodopsin with unsaturated PCs, and they detect protein association directly over a larger range of protein/lipid molar ratios. In this case, we find a somewhat greater optimal bilayer thickness, corresponding to a ca. 20-or 22-carbon acyl length or longer. The apparent discrepancy of the chain-length optimum found in our experiments with the earlier EPR spin-label data may be due to a larger bilayer thickness in the case of saturated PCs versus unsaturated PCs for equivalent acyl chain lengths (84) . An important technical aspect is that our work has employed rhodopsin/lipid membranes prepared by dialysis from a mixture of octylglucoside and cholate detergents. Recombinant membranes formed by dialysis from octylglucoside alone are inhomogeneous with respect to the protein/ lipid ratio, thus potentially invalidating the results. However, in agreement with previous accounts (24, 25, 33) , we find that inclusion of cholate leads to good control of the protein/lipid ratio, as assessed by isopycnic density gradient centrifugation together with enzymatic phospholipid determination (cf. Supplementary Material).
New biomembrane model: curvature elastic deformation
The FSM is reviewed elsewhere (27) , and here we provide a brief recapitulation for those readers who may not be familiar with the earlier development. To paraphrase Gibbs, we wish to find the point of view from which the subject of lipidprotein interactions appears in its greatest simplicity. The central idea involves extending the concept of the monolayer curvature free energy (26) to the mesoscopic length scale that is characteristic of lipid-protein interactions. By contrast, the standard fluid-mosaic model found in textbooks states that the lipid bilayer acts as a permeability barrier, and is mainly a structural element or matrix for the organization of membrane proteins. According to the standard model the lipids do not play any direct role in the activities of proteins. The alternative is that membrane lipids are implicated in the protein-mediated functions of biomembranes (27, 42, 44) , a view that is supported by the data presented here.
In the case of membrane lipids and surfactants, there is a balance of opposing forces involving the polar headgroups and the hydrocarbon tails that is connected with their nanostructures and polymorphism (65, 85) . Headgroup repulsions and interfacial attraction give an optimal separation for the polar region, and within the hydrocarbon core, van der Waals attraction plus steric repulsion give a preferred distance between the chains (85) . Rather than explicitly considering the detailed form of the lateral pressure profile, we simply introduce the resultant bending moment in terms of a neutral surface where the curvature and area elastic deformation are decoupled. Relatively small lipid headgroups with a propensity for hydrogen bonding favor a condensation of the bilayer surface, whereas bulky or large acyl chains give a larger chain cross-sectional area, and vice versa. When the optimal separations for the polar headgroups and nonpolar chains differ, a bending moment or spontaneous curvature is the result. The balance of opposing forces within the polar headgroup region and the hydrocarbon region gives rise to the nanostructures and polymorphism of membrane lipids, encompassing the inverse hexagonal (H II ), fluid lamellar (L a ), cubic, and normal hexagonal (H I ) phases (65, 66, 85) .
Obviously, for planar bilayers the geometrical curvature H ¼ 0, so how is bending relevant in the present context? Here, one must appreciate that an elastic curvature strain can exist even in the case of a planar membrane, viz., in the absence of significant bilayer curvature. We emphasize that the resultant spontaneous curvature H 0 or bending moment of the lipid film does not necessarily correspond to the actual geometrical curvature H. Bending the surface away from the spontaneous curvature, which can be negative (toward water), positive (toward hydrocarbon), or zero, gives rise to a curvature elastic energy. In fact, a significant curvature elastic deformation can exist that is given by k c jH ÿ H 0 j 2 , where k c is the bending rigidity or curvature elastic modulus, in direct analogy with Hooke's law for stretching a 1D spring from its equilibrium length. One must always keep in mind the distinction between the spontaneous curvature H 0 and the actual geometrical curvature H. In the FSM, both curvature matching at the proteolipid boundary and hydrophobic matching play a role in the energetics of membrane protein inclusions, and are connected with their biological functions.
Free energy coupling mechanism for rhodopsin
In the FSM, we focus mainly on the competition between long-range curvature elastic forces and the solvation energy of the protein/lipid interface. The solvation energy is due to hydrophobic mismatch of the acyl chains to the protein surface and is relatively short-range; it mainly involves the accessible surface area of the molecules. We have proposed that competition of the long-range curvature force with hydrophobic matching accounts for the influences of membrane lipids on protein conformational energetics and organization in biomembranes (27) . Changes in hydrophobic matching are in turn coupled to changes in the curvature free energy. It is the balance of the two terms that explains how membrane lipids can govern the energetics of membrane proteins such as rhodopsin (31) . We note that the energies of the bilayer deformation can be rather appreciable, far exceeding those implicated in typical protein conformational changes. Considering rhodopsin as a canonical membrane protein, we can postulate that the conformational changes implicated in the triggering of visual function entail an increase in the intramembranous hydrophobic surface (hydrophobic mismatch). A protrusion of the receptor from the membrane occurs due to exposure of recognition sites for the G-protein (transducin) (86) . The MI-to-MII transition is favored by increasing acyl chain length, and also by the presence of lipids with a tendency to form the nonlamellar H II phase (31) . However, the new and unanticipated finding in this work is that the transition is also sensitive to the protein/lipid ratio (28) .
Here, we propose that the various lipid influences all share a common origin, which resides in chemically nonspecific properties as described by the FSM. Due to the boundary condition of hydrophobic matching at the protein/lipid interface, a change in hydrophobic solvation is accompanied by a change in curvature strain (27) . As a result, there can be a subtle but energetically significant competition between the elastic curvature energy of the membrane lipid film and the hydrophobic matching of the acyl chains to the protein hydrophobic surface. The two free energy terms cannot be simultaneously minimized, a concept that we refer to as frustration (55) . This renders the membrane protein sensitive to chemically nonspecific properties of the bilayer, such as the spontaneous curvature of the membrane lipids. It follows that the lowest energy state of the membrane is one in which the curvature free energy of the lipid film is balanced by the solvation energy of the lipid/protein interface. For rhodopsin, the free energy balance of the receptor and the lipids is altered by photoisomerization of the retinylidene chromophore. Bleaching leads to the MI-to-MII transition, which involves an alteration of the free energy balance due to the curvature elastic stress/strain and the degree of hydrophobic mismatch of the membrane (frustration). A new biophysical principle is introduced: matching of the spontaneous curvature of the lipid bilayer to the mean curvature of the lipid/ water interface adjacent to the protein. Biological activity is thus regulated by membrane lipids whose spontaneous curvature most closely matches the active state of the proteolipid assembly.
Nonideal mixing and crowding of membrane proteins
In the case of fluid membranes, characteristic properties are linked with their lipid compositions and can affect the activities of membrane proteins, as discussed above for rhodopsin (27) . Studies of mechanosensitive ion channels (43) have revealed analogous lipid influences, thereby further suggesting the generality of the principles first derived by investigating rhodopsin (27, 55) . The FSM is based on studies of surfactants and phospholipids, where curvature deformation and elasticity are key to understanding their phase equilibria and nanostructures (87) (88) (89) . For retinal rod membranes and other neuronal membranes, tightly regulated polyunsaturated lipids of the v-3 class are known to play a crucial role (22, 27, 67) . The conformational energetics of photolyzed rhodopsin are highly dependent on the membrane lipid or detergent environment (31, 39, 55, 90) , and influences of the rhodopsin/lipid ratio have been recently substantiated by us (28, 29) and others (91) . In our work, a positive correlation was found between a lipid environment where rhodopsin is relatively well dispersed and the activated MII conformation formed upon illumination. Nonideal mixing due to the membrane lipid composition leads to crowding of receptors, which can control membrane protein activity through steric repulsions and excluded volume in fluid membranes. It is worth noting that our thermodynamic picture does not include any specific structural representation of the system (27, 31, 55) . However, plasmon (waveguide) resonance (PWR) spectroscopy gives direct evidence for an elongation of rhodopsin in connection with the MI-to-MII transition, together with a pre-coupling to transducin (G t ) and a dynamical restructuring of the lipid bilayer (86) . Interaction of rhodopsin with bilayer lipids leads to alteration of the binding of transducin as demonstrated with PWR spectroscopy, which is linked to its signaling role as a GPCR in the visual system (92, 93) .
Curvature and hydrophobic forces in rhodopsin association
How does coupling of the lipid bilayer forces to rhodopsin drive conformational changes and receptor association in the membrane? The energetics of rhodopsin have been probed in relation to its photochemistry and activation (55, 94, 95) and with regard to interactions that stabilize the native protein structure (96, 97) . Lipid-mediated protein interactions in membranes have been considered theoretically (40, 47, 77) and experimental studies have been carried out for bacteriorhodopsin (40) and rhodopsin (24, 38) . We now further consider how long-range lipid-protein interactions due to curvature yield greater receptor crowding. It is known that capillary forces due to a curved interface lead to adherence of small particles as in the familiar case of wet sand grains, which is termed capillary condensation (66) . For a conventional gas-liquid equilibrium with a curved interface, the hydrostatic pressure is greater on the concave side of the meniscus as described by the Young-Laplace equation, which is the basis for capillary action. This gives rise to capillary condensation in microporous materials and explains the formation of sandcastles. Equivalently, the chemical potential of a gas on the concave side is increased, corresponding to a lowering of the vapor pressure of the liquid as given by the Kelvin equation. Now in direct analogy, we can consider a membrane containing proteins dissolved in a bilayer that is treated as a continuous fluid. We assume that the protein has an equilibrium between a condensed or associated phase and a dispersed phase. The curvature free energy yields an increase in chemical potential of the proteolipid membrane (31) , and as a result, the equilibrium can shift toward the condensed protein phase. We propose that curvature forces as described by a flexible surface model can lead to association of membrane proteins in fluid bilayers, e.g., into dimers and higher oligomers.
The FSM provides a simple framework based on surface chemistry for understanding how elastic deformation of the lipid bilayer can lead to a microenvironment of the membrane conducive for the receptor to function optimally (cf. Fig. 12 of Brown (27) ). The new view entails consideration of lipid-protein interactions due to chemically nonspecific properties of the membrane in terms of a stress field extending beyond a single layer of annular or boundary lipids (27, 31, 46, 55, 98) . Dispersal and activation of rhodopsin are explained by a balance of the monolayer curvature free energy together with hydrophobic coupling due to solvation or wetting of the protein intramembranous surface (27, 55) . In the FSM, the correlation length for lipid deformation appears naturally as the monolayer curvature, which is based on concepts of differential geometry (65) . The spontaneous curvature H 0 is the resultant of a balance of geometrical forces (27) that is related to the lateral pressure profile along the normal direction to the bilayer interface, viz., as a function of bilayer depth (64, 98) . A key aspect of the FSM is that the influences of curvature and hydrophobic mismatch extend beyond the lipid/protein interface, due to elastic deformation of the membrane lipid film, thus exerting a mechanical force on the protein (31) . The spontaneous curvature of a lipid monolayer acts together with hydrophobic mismatch to store elastic deformation energy within the bilayer, which can drive protein conformational changes, and possibly the formation of rhodopsin oligomers or microdomains. In this way, chemically nonspecific bilayer properties can lead to transduction of bilayer curvature and thickness deformation forces into membrane protein activity, thus providing a means of free energy coupling in biomembranes (31) .
Oligomers of photoreceptors?
Much interest and commotion has focused recently on protein-protein interactions within the context of receptor oligomerization (2, 5, 6) . Therefore, it is useful to ask the question, is association of rhodopsin as observed with FRET connected with formation of oligomers in native rod disk membranes? For rhodopsin, oligomerization has been brought to an issue by recent reports of atomic force microscopy (AFM) studies showing rows of dimers in native rod disk membranes (7, 99) . If substantiated by additional research, the implications for phototransduction and visual signaling would be quite profound (8, 100) . However, the proposed new paradigm of dimerization or oligomerization of rhodopsin and other GPCRs has been questioned (2,101) and countered in detail (102) . Yet another current view is that a monomer is the functional unit of rhodopsin and other GPCRs, both in membrane bilayers and in nonionic detergent micelles (2) . At present, it appears that oligomerization of rhodopsin would contradict earlier equatorial x-ray diffraction data for native rod disk membranes, as well as neutron diffraction, hydrodynamic, and biochemical studies of rhodopsin in detergents (2) . Even in the crowded disk membrane environment, the polyunsaturated membrane lipids support rapid rotational and translational diffusion of rhodopsin (24, 101) . Further, the organization of rhodopsin in membranes has been studied with freeze-fracture electron microscopy (38) and spin-label EPR (24), which do not support extensive oligomerization of the protein in the fluid lipid phase. By contrast, AFM yields clear evidence of rhodopsin association in native rod disk membranes (83, 99, 102, 103) . Additional investigations are needed in which the new FRET approach can play an important role.
Our work provides direct experimental evidence that the membrane lipid composition drives constitutive association or oligomerization of cellular receptors such as rhodopsin. Through understanding how membrane protein stability is elastically coupled to lipid bilayer forces, current paradigms for relating structure to function are brought into sharper focus. Receptor activation entails chemically nonspecific properties of the membrane lipid bilayer, which for rhodopsin are connected with its photochemical activity. Bilayer curvature deformation affects the protein energetics and stabilizes the active state conformation of the photoreceptor. Exactly how membrane protein stability is elastically coupled to lipid bilayer forces and how lipid rafts might be implicated in this process are the subjects of ongoing research.
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